A detailed model of the performance of a highly Yb 3+ /Er 3+ -codoped phosphate glass add-drop filter, which combines the propagation at resonance of both pump and signal powers inside the microring resonator with their interaction with the dopant ions, is used to analyze the requirements for gain/oscillation in these structures. Special attention is paid to the influence of additional coupling losses and asymmetry between the input/output couplers. It is concluded that, due to small signal gain saturation and the limited range of pump amplitude coupling coefficients, asymmetry does not greatly influence gain/oscillation requirements through the pump intensity build-up inside the ring. Asymmetry effect on small signal intensity transfer rate and threshold gain instead allows a significant lightening of the demanding doping ions concentrations requirements to achieve oscillation.
INTRODUCTION
Microring resonators (MRR) have attracted much attention during the last decades as multifunctional components (filters 1 , add-drop multiplexers 2 , switches 4 , modulators 4 , etc.) in optical communication systems. Moreover, due to their fabrication scalability, functionalization and easiness in sensor interrogation MRRs with chip-integrated linear access waveguides they have recently emerged as promising candidates for scalable and multiplexable sensing platforms [5] [6] [7] [8] . The near-infrared spectral range and, in particular, the 1.5-μm wavelength band (the gain band of the Er 3+ ion) is already employed in several biological and chemical sensing tasks [9] [10] [11] . If gain is incorporated inside the ring, losses can be compensated, filtering and amplifying/oscillating functionalities are combined [12] [13] and the sensing potentialities become enhanced 14 . But in return, modeling complexity of active structures greatly increases. In a preceding paper we developed a detailed model of the performance of a highly Yb 3+ /Er 3+ -codoped phosphate glass add-drop filter 15 which overcomes previous simpler models deficiencies 16 . This model assumes resonant behaviour inside the ring for both pump and signal powers and considers the coupled evolution of the rare-earth ions population densities and the optical powers that propagate inside the MRR. Since high dopant concentrations are needed to exploit the active potentialities of the structure phosphate glass with a high solubility for rare earth ions results an optimum host 17 . Moreover, energy-transfer inter-atomic processes become enhanced and have to be carefully considered in the numerical design. In this model the microscopic statistical formalism based on the statistical average of the excitation probability of the Er 3+ ion in a microscopic level has been used to describe migration-assisted upconversion 18 .
MRR-based passive components use mostly symmetrically coupled structures which maximize power in the drop port. However, asymmetric waveguide/resonator coupling may offer an optimum functional behavior 19 , as in a criticallycoupled MMR where the highest throughput attenuation (with subsequent optimization of the extinction ratio between the drop and through ports and crosstalk reduction between drop and add signals at the throughput port) is attainable 20 or when used as dispersion compensators in the time domain 21 .
In this paper the model presented in Ref.
15 is used to determine the practical requirements to achieve amplification and oscillation in a highly Yb 3+ /Er 3+ -codoped phosphate glass MRR side-coupled to two straight waveguides for pump and signal input/output. In particular, the influence of additional coupling losses and the structure symmetry are fully discussed. In section 2 the active MRR model is briefly reviewed. In section 3 the characteristic parameters of the structure and the dependences on the circulating pump power of the amplitude gain coefficients for both pump and signal powers are presented. These coefficients describe the active behaviour of the device and allow the analysis of the
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Drop port al bl Through port requirements for amplification and laser operation in both symmetric (in section 3) and asymmetric (in section 4) structures.
Yb
3+ /Er 3+ -CODOPED MICRORING RESONATOR MODEL 2.1 Active add-drop filter transfer functions.
The active structure under analysis is an MMR evanescently coupled to two straight parallel bus waveguides, commonly termed an add-drop filter. A scheme of this structure is shown in Fig. 1 . Since we are interested in amplifiers and laser amplifiers the add port is not considered in the formalism. Single-mode single-polarization clockwise-direction propagation is considered and the MRR and bus waveguides are assumed to have the same complex mode amplitude propagation constant c j jg β β α = − + , where β is the phase propagation constant, α is the loss coefficient (due to scattering and bend) and g is the gain coefficient, which describes the evolution of the pump/signal mode amplitudes due to their interaction with the RE ions. Realistically, we also consider additional coupling losses at the waveguide/microring couplers. Even small additional coupling losses may have a large influence on the MRR performance 15 . i Γ denotes the coefficient for additional intensity loss at the ith coupler. Therefore, the actual intensity coupling and transmission coefficients are 0 (1 )
, which verify the relation ( ) If i a and i b are the input/output complex-field amplitudes at the couplers ports (i=1,2 for the input/through ports at coupler I and i=3,4 for the add/drop ports at coupler II) the exchange of optical power between the waveguides and the MMR can be described using the following scattering matrix relations:
Coupler I:
The input/output transfer functions of the structure in figure 1 , that is, the rates of the intensities from the input port to the output (through and drop) ports can be readily obtained: 
where
is the length of the ring and
⎦ is the round-trip gain.
Pump and signal powers evolution inside the active MRR.
We assume that the resonance condition ( 2 L m β π = , where m is an arbitrary integer) is fulfilled for both the pump and signal wavelengths and analyze the evolution of the pump and signal powers inside the MRR. On the one hand, the pump power that circulates inside the ring is best described using the intensity enhancement factor, E, the rate between the confined and the input pump intensities, which can be evaluated 15 :
On the other hand, for a resonant signal the transfer functions (Eq. (2)) become
Intensity rate to the through port, I 11 , cancels when the critical coupling condition is verified:
This condition implies the complete destructive interference between the transmitted field and the internal field coupled into the output waveguide in 1 c so that the transmitted intensity drops to zero. From Eqs. (4) 
GAIN/OSCILLATION REQUIREMENTS FOR A SYMMETRIC STRUCTURE

The passive structure.
We have adopted for the calculations an air-cladded ridge guiding structure. This structure presents attractive features for sensing applications 22 . The passive parameters of the structure are summarized in table I. This range of coupling gap and accordingly of the amplitude coupling ratio is further limited when additional coupling losses are incorporated to the model. We estimate the range of additional coupling losses for our analysis from [24] . There the value 0.014 is reported for d=117±5 nm and it is concluded that these losses significantly increase when the gap width between the access waveguide and the microring is below this value.
Pump and small signal amplitude gain coefficients
Besides the lossless amplitude coupling coefficients and the additional pump coupling losses the pump intensity enhancement factor, p E , and the intensity rate to the drop port, 41 I , are basically determined by the pump and signal amplitude gain coefficients. They reflect the attenuation/increase induced on the pump/signal power by the stimulated transitions in the RE ions and, therefore, characterize the active contribution to the MRR performance. In order to calculate their dependence on the pump power that circulates inside the ring, we assume the model and spectroscopic parameters for an Yb/Er -codoped phosphate glass waveguide amplifier pumped in the 980-nm band in Ref. 25 . It must be remarked that in our calculations the transversally-resolved microscopic statistical formalism of migration-assisted upconversion is used to accurately describe the contribution of energy-transfer mechanisms to the rate equations 25 . . RE ions concentration pairs for the plot were chosen so that n Yb = 2n Er , since this concentration rate is often used experimentally. From now on we systematically use the subindex , p s γ = for pump or signal, respectively, any time the labelled parameter is specific for the pump or the signal. From figure 3(a) it is clear that low pump powers are strongly attenuated as the dopant concentration increases whereas high pump powers are relatively less affected by rare earth absorption. On the other hand, s g saturates for relatively low circulating pump power for any RE concentration pair. This performance is caused by the very short MRR length, which is much shorter than the waveguide amplifier optimal lengths for each circulating pump power and RE ions concentration pair.
Net gain requirements for a symmetric structure.
For simplicity we first analyze the requirements to achieve net gain and oscillation in a symmetric structure. Thus, in sections 3.3 and 3.4 we consider for both pump and signal powers equal lossless amplitude coupling ratios between the microring and the straight waveguides ( As could be expected the value of s g (and accordingly of the RE ion concentrations) necessary to achieve positive gain Once positive net gain is achieved, it rate of growth is higher with lower 0 s κ .
Threshold gain and oscillation requirements for a symmetric structure.
Finally, in order to analyze the oscillation requirements, we have calculated the evolution of the threshold gain as a function of the lossless amplitude coupling coefficient, and 0.015, respectively. Hence, even small imperfections in the couplers fabrication could only be compensated by raising the RE doping level to achieve the necessary th g . It has to be remarked that the unavoidable requirements of high 
GAIN/OSCILLATION REQUIREMENTS FOR AN ASYMMETRIC STRUCTURE
In order to parametrize the structure asymmetry, we use the relative variation of the lossless amplitude coupling coefficient,
As we limit the relative variations between -0.2 and 0.2 we assume the same additional coupling losses for both couplers. We'll also pay particular attention to the active critically-coupled structures and how their performance compares to the passive ones.
Asymmetry influence on pump enhancement.
In a symmetric structure for a given value of p g , pump enhancement presents a maximum as a function of Besides, the performance in critical coupling conditions can be studied. However, in an active MRR for a given , .11111
Rel. var. of the lossless ampi. coup. coef., Oxi s° critical coupling. The net gain obtainable with the parameters in figure 7 is plotted in figure 8(a) and 8(b) . Although, as we see in figure 6 , higher net gain can be attained with other asymmetric configurations, in case the through contribution has to be minimized, significant net gain can still be achieved. 
Asymmetry influence on threshold gain.
Finally we analyze the changes in threshold signal gain when asymmetric configurations are considered. In figure 10 In figure 10 we can see how the necessary threshold gain value decreases for 0 , 0 r s κ Δ < . This reduction is more significant for the higher additional coupling losses and contributes to relax the requirement for very high dopant concentrations.
CONCLUSIONS
An analysis of gain/oscillation requirements in a highly Yb 3+ /Er 3+ -codoped phosphate glass add-drop filter is carried out by using a detailed model that describes the evolution of resonant pump and signal powers inside the MRR structure while interacting with the RE ions. Special attention is paid to the influence of the additional coupling losses and the structure symmetry. Much higher signal gain coefficients and threshold gain (and accordingly dopant concentrations) are required as the additional losses increase. This demand can be to some extent relieved by using asymmetric structures with an output coupler coupling coefficient lower than the input coupler one. Asymmetry has little influence on pump enhancement since due to the short length of the MRR signal gain saturation is achieved for relatively low circulating pump powers.
